We show that the angular dependence of x-ray magnetic circular dichroism (XMCD) is strongly sensitive to strain induced electronic structure changes in magnetic transition metal oxides. We observe a pronounced dependence of the XMCD spectral shape on the experimental geometry as well as non-vanishing XMCD with distinct spectral features in transverse geometry in compressively strained MnCr2O4 films. The XMCD can be described as a linear combination of an isotropic and an angular dependent anisotropic contribution, the latter linearly proportional to the axial distortion due to strain. The XMCD spectra are well reproduced by atomic multiplet calculations. The delicate balance between charge, spin, orbital, and lattice degrees of freedom in transition metal oxides leads to unique phenomena such as colossal magnetoresistance [1] , high temperature superconductivity, [2] as well as a remarkable diversity of charge, spin, and orbital ordered phases. The rich phase diagrams are determined by the strong local interaction of electrons in transition metal d orbitals [3] . Subtle changes in d occupancy and overlap-and thereby phase transitions-can be induced by variations in temperature, by external fields, through doping, and lattice distortions. Especially the strong coupling of the electronic properties with structural parameters allows controlling the physical characteristics of nanoarchitectures through strain at interfaces of layered and nanocomposite heterostructures [4] [5] [6] [7] [8] . Here we show that the angular dependence of the x-ray magnetic circular dichroism (XMCD) signal provides unique insights into the impact of strain on the electronic structure of magnetic transition metal oxides.
For an isotropic system, magnetically saturated by an external field, the XMCD signal scales with the angle, θ, between the field and x-ray beam as cos θ. [9] Consequently, in transverse geometry, i.e., perpendicular orientation of x rays and field (θ = 90
• ), the XMCD signal vanishes completely. In systems with cubic magnetic anisotropy the XMCD spectrum is slightly different along ⟨001⟩ and ⟨111⟩ directions [10] . The angular dependence of the intensity of the XMCD spectral features can be well described by the lowest order term for the cubic anisotropy [10] , however, the XMCD signal still disappears for θ = 90
• . This is no longer the case for systems with axial magnetic anisotropy, such as uniaxial, tetragonal, or trigonal symmetry of the lattice. In this case a non-vanishing integral of the XMCD signal indicates a non-zero component of the orbital magnetic moment perpendicular to the spin moment, a situation encountered in, e.g., thin films with strong uniaxial magnetic anisotropy. Whereas changes in the integrated intensity, proportional to the orbital moment, have been observed [11, 12] , less attention has been paid to the detailed spectral shape of the XMCD and its correlation with structural distortions.
Here we determine the strain induced electronic structure changes in ferrimagnetic spinel MnCr 2 O 4 films. The system does not exhibit any cubic magnetic anisotropy in slightly compressively strained films allowing us to unambiguously isolate the impact of an axial distorted cubic symmetry on the XMCD signal. We observe a pronounced angular dependence of the Mn 2+ and Cr
3+
L 3,2 XMCD as well as non-vanishing XMCD signals with distinct spectral features in transverse geometry. The experimental results are well reproduced using atomic multiplet calculations taking into account the reduced symmetry of the crystal lattice induced by the strain. This method holds promising perspectives for studying the electronic structure of magnetic oxide thin films. MnCr 2 O 4 epitaxial thin films were synthesized by pulsed laser deposition using stoichiometric single-phase targets at an energy density of 1-1.5 J/cm 2 on Nb-doped SrTiO 3 (001) substrates held at 900 K. The samples were annealed in air for 9 h at 1100 K after deposition. While the theoretical lattice mismatch between MnCr 2 O 4 and Nb-doped SrTiO 3 is 6.5%, x ray diffraction (XRD) measurements on the 55 nm thick MnCr 2 O 4 films reveal a compressive strain of ∼0.9% indicating that the chosen film thickness and the post-growth annealing result in a partial relaxation of the strain. At a sample temperature of 20 K the Mn and Cr magnetic moments are collinear [13] and can be aligned in arbitrary directions by external fields below 0.5 T [see upper inset in Fig. 1(a) ]. There is no indication of significant cubic magnetic anisotropy in the films. The XMCD signal was determined by independently varying the angle γ of the incident x-rays and angle µ of the magnetic field with respect to the sample normal using an eight-pole electromagnet [14] . The degree of circular polarization of the x-ray beam was 90% • relative to the surface normal. Upper inset shows Mn L3 XMCD saturation loops: normal incidence (red) and at 30
• grazing (black) with H ∥ P in both cases. Lower inset shows the experimental geometry. (b) Angular dependence of the XMCD for varying angle µ of the external field with γ = 54.7
• . The XMCD signal is normalized to its most pronounced feature near 640 eV, where the scaling factor with respect to the XMCD for γ − µ = 0
• is indicated for each spectrum. Lines (red) indicate the results of the model described in the text.
for all measurements and the applied field 0.5 T. The XMCD spectra for γ = µ are the difference in x-ray absorption for parallel and antiparallel alignment of photon helicity and magnetic moments of Mn and Cr.
Figure 1(a) shows the Mn L 3,2 XA and XMCD for µ = γ = 54.7
• . The spectra agree with previous results for Mn 2+ in tetrahedral (T d ) sites [10] . We determined the Mn L 3,2 XMCD angular dependence for γ = 54.7
• and varying µ near γ − µ = 90
• . To emphasize changes in spectral shape, the XMCD spectra normalized to their most pronounced feature near 640 eV are shown in Fig. 1(b) for 80
It is evident that the XMCD shows pronounced changes in its spectral shape impacting the entire Mn • . The XMCD signal is normalized to its most pronounced feature near 578 eV, with indicated scaling factor. Lines (red) indicate the results of the simulation described in the text.
the Mn L 3,2 XMCD. Figure 2(a) shows the Cr L 3,2 XA and XMCD spectra for µ = γ = 54.7
• normalized to their most pronounced feature near 578 eV. The spectra agree with previous results for Cr 3+ in octahedral (O h ) sites [15] . Figure 2 (b) displays the Cr L 3,2 XMCD for varying angle of the Cr magnetic moments by ±10
• to the sample normal.
The experimental results in Figs. 1(b) and 2(b) for both Mn and Cr indicate that the sign of the XMCD reverses for γ − µ sufficiently smaller and larger than 90
• . Furthermore, the XMCD does not disappear at γ − µ = 90
• . In fact, the magnitude of the features is still considerable, i.e., 5-10% of that found for γ = µ. We can exclude that the Mn and Cr XMCD for γ − µ = 90
• is due to incomplete alignment of the Mn and Cr moments with the external field, in which case the XMCD spectral shape would be the same as for γ = µ. As this is not the case there must be a different explanation for the nonvanishing XMCD signal with distinctly different spectral shape in transverse geometry.
The XMCD angular dependence can be described by a linear combination of fundamental spectra accounting for the XA photon energy dependence in selected geometries with prefactors reflecting the symmetry of the experimental geometry. [16, 17] Since the photon helicity is a vector, there can be in arbitrary symmetry up to three different fundamental XMCD spectra. In orthorhombic lattice symmetry, for example, any XMCD spectrum can be written as linear combination of I x , I y , I z , i.e. XMCD spectra obtained with x-rays and magnetization alongx, y, andẑ, respectively:
P andM are the x ray helicity vector and sample magnetization, respectively. This also means that each XMCD spectrum has a distinct angular dependence.
In axial symmetry, where I y = I x , there are only two different XMCD spectra. For small distortions I x will be quite similar to I z , so that it is beneficial to introduce the isotropic and quadrupolar or anisotropic XMCD spectrum, I 0 = I x + I y + I z and I 2 = I z − 1 2 (I x + I y ), respectively, with very different shape and obviously I 0 ≫ I 2 . The angular dependent XMCD can be derived as [9] (2) where γ and µ are the angles ofP andM, respectively, with theẑ axis of the axial symmetry, here the sample surface normal. Equation (2) shows that the pure I 0 and I 2 spectra are obtained in selected geometries. For γ = µ = 54.7
• , we obtain I XMCD = I 0 . For γ = 54.7
• and γ − µ = 90 • , we find I XMCD = I 2 / √ 2. Using Eq. (2) we derived I 2 from the XMCD spectra measured for γ − µ = 90
• and obtained I 0 from the XMCD signal observed for γ −µ = 70
• employing the experimental I 2 . The results are shown in Figs. 3 and 4 . I 0 and I 2 exhibit distinctly different spectral features over the entire energy range of the Mn and Cr L 3,2 edges. For both metal sites, I 2 has ∼10% of the magnitude of I 0 . We can model XMCD spectra for arbitrary geometries using the experimental spectra for I 0 and I 2 in Eq. (2) without free parameters. A comparison of the model with experimental data is shown in Figs. 1 and 2 . The agreement is very good for both Mn and Cr. This confirms that for MnCr 2 O 4 the angular dependence can be very well modeled taking into account only the axial distortion and neglecting the cubic magnetic anisotropy. An additional cubic magnetic anisotropy gives different XMCD spectra along 4-fold and 3-fold axes, [10] but there is no experimental evidence for such a contribution in MnCr 2 O 4 .
To obtain detailed information about electronic structure changes caused by strain induced lattice distortions, we performed atomic multiplet calculations [18, 19] . For a system with axially distorted cubic symmetry the crystal-field operator is given as
where the first and second term describe the cubic and axial field, respecively. Combined with the radial part of the d-wave function integrals, the parameters D and C supply the crystal-field parameters Dq and Cp for cubic and axial field [20] . Table I shows the one-electron energies of the d wave functions expressed in Dq and Cp. The L 3,2 absorption spectra were calculated for electric-dipole allowed transitions 3d n → 2p 5 3d n+1 in the presence of the electrostatic field and a small magnetic exchange field of 0.01 eV. [21] Both the XA and I 0 spectra can be calculated, to good accuracy, in cubic symmetry, with the axial distortion introducing only a small change. Figures 3 and 4 has the lowest energy. This means that for both metal sites the electrostatic potential is higher along z, which implies a compressive strain. This is in agreement with our XRD results of 0.9% compressive strain in MnCr 2 O 4 film by the Nb-doped SrTiO 3 substrate. There is in fact another easy way to derive the size and direction of the strain. Using Eq. (2) it can be shown that for compressive (tensile) strain the I XMCD in Figs. 1 and 2 obtains a minimum for α ≡ γ − µ − 90
• is negative (positive), where α scales with the size of the strain. In our case, α ≈ −2.5
• , in agreement with the compressive strain.
It is of great practical interest that a very small axial distortion (Cp/Dq ≪ 1) already gives a dramatic effect in the angular dependence of the XMCD, easily discernible in transverse geometry. This opens the opportunity to study strain in magnetic transition metal oxide using soft x ray spectroscopy and microscopy techniques on ultrafast time scales with nanometer spatial resolution in element, valence, and site specific way. The angular dependent XMCD is a general phenomenon that will occur in anisotropic systems, such as metal sites at surfaces, interfaces, and biological systems. Decomposition of the XMCD into different spectra, each with its unique angular dependence makes it possible to detect even small anisotropies. In the case of MnCr 2 O 4 , both the specific angular dependence and the spectral shape give strong support to the model that the XMCD signal is sensitive to the axial distortion along a four-fold axis in cubic symmetry.
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